The radiation of sound from the mouth of aspeaker is often described using aplane piston assumption. This is satisfactory as long as the wavelength is longer than the largest transverse dimension of the vocal tract. Forshorter wavelengths, higher order acoustical modes can propagate and the particle velocity field in the mouth exit plane can be nonuniform. As aconsequence, the plane piston assumption does not hold and amore accurate description of the particle velocity distribution at the mouth exit is necessary.T his can be achievedu sing the multimodal theory which allows one to account for higher order mode propagation. In order to study the influence of higher order modes on the sound radiated from the mouth, four approximations of the vocal tract shape for the vowel [A] are studied. The eccentricity of the junctions between the different portions of these geometries is used to control the propagation of ahigher order mode. The radiated sound is simulated and compared with the measurements performed on mechanical replicas at various angles in the horizontal plane. It is observed that the propagation of ah igher order mode can strongly modify the directivity.V arying the degree of eccentricity of the junction between the different sections shows that avery small eccentricity can induce the propagation of ahigher order mode. Reducing the size of the open end shows that higher order modes can affect the radiated sound even if the radiating surface is small compared to the largest transverse dimension of the geometry.
Introduction
The directivity of the sound radiated by aspeaker has been studied for various purposes, including microphone placement optimisation [1] , telephony [ 2] , vocal performance practice [3, 4, 5] , experimental validation of acoustic theories [6] , architectural acoustics [7] , auralization and 3D sound synthesis [8, 9] . The observation on real subjects by several authors [1, 4, 3, 5] showed that if as peaker issuance is almost omnidirectional at lowf requency, the directivity patterns become more and more complexa t high frequency.
The variation of the amplitude and phase of the sound radiated by aspeaker with the direction can be due to several physical phenomena including: 1. The diffraction of the radiated wavesb yt he head of the speaker,which is expected to be significant for the wavelengths of the same order of magnitude as the head. 2. The reflections on the torso.
The physical models and applications related to speech directivity are often limited to afrequencyrange of 0kHz to about 5kHz because, though the sound quality in not optimal, this is sufficient to ensure speech recognition and it allows one to perform simulations with al ow computational cost. In this range, aplane piston assumption and accounting for the diffraction by the head and the reflections on the torso is sufficient to give agood description of the directivity of the radiated sound [6, 10] and the HOM can be neglected without loss of accuracy.
Howevert he progress of the technology,t he development of newa pplications such as wideband telephony or augmentative hearing, the increase of quality requirements for 3D sound synthesis and the latest findings in speech perception [11] leads one to focus more on frequencies beyond 5kHz. In this frequencyrange, the wavelength becomes of the same order of magnitude as the transverse dimensions of the vocal tract. Thus, HOM propagation is expected and has been observed on mechanical replicas [12, 13] . As ac onsequence, the particle velocity 918 ©S.Hirzel Verlag · EAA distribution on the mouth exit plane can become nonuniform and the directivity of the radiated sound can be affected.
The aim of this work is to understand howthe physical phenomenon of HOM propagation can potentially affect the speech directivity using at heoretical model validated against experiments.
In order to takeinto account the HOM in the computation of the radiated sound, am ore precise description of the particle velocity distribution on the mouth exit plane is needed. This can be achievedwith anysimulation method which allows one to compute the 3D acoustic field inside av ariable section waveguide. However, the multimodal (MM) theory [14, 15, 16, 17] , with alower computational cost compared to other methods (such as finite elements or finite differences), has the advantage of providing directly all the information related to the propagation modes (eigen functions, cut-on frequencies 1 ,mode amplitudes and coupling terms). This is avaluable aid to understand the physical phenomena occurring inside the waveguide, and their potential influence on the radiated sound.
Though arealistic vocal tract geometry would be interesting to study,i th as the disadvantage to be subject to inter-and intra-subject variations and has acomplexshape which makes the understanding of the HOM propagation occurring inside more difficult. Thus, it has been chosen to study simplified geometries created from twoa pproximations of the vocal tract shape for vowel [A] which allows one to identify clearly the HOM involved. The first approximation is constituted of twocylindrical tubes [18] and the second one of 44 cylindrical tubes [19] . Knowing that, for ac ircular cross-section shape, the excitation of the first HOM depends on the eccentricity of the junction between the cylinders, the use of concentric and eccentric junctions for both approximations has been chosen in order to control the propagation of this HOM. The directivity patterns have been experimentally studied and compared with the outcomes of the MM simulations for frequencies up to 10 kHz. In particular the impact of the eccentricity and the exit diameter on the directivity has been investigated.
The paper is structured as follows: some aspects of the MM theory and its implementation important for this study are detailed in section 2, then the experimental setup is described in section 3and the simulation and measurement results are presented and discussed in section 4.
Outline of the multimodal acoustic theory
The MM acoustic theory used to perform the simulations is detailed in [13] . The implementation used for this work is limited to discrete straight waveguides with arbitrary 1 The term cut-on frequencyrefers to the fact that the HOM begin to propagate above their cut-on frequency, it is the same as the cutoff frequency which refers to the fact that the HOM stop propagating under their cutoff frequency.
cross-sections set in an infinite baffle. Since the geometries used for this work are described with piecewise constant cross-section, it is the more adapted method for this study. However, acontinuous approach allowing the curvature to be taken into account [20] could be useful to simulate more accurate approximations of the vocal tract shape in the future. According to the MM theory,the pressure field inside a constant cross-section waveguide can be described by the expression
where (x 1 ,x 2 ,x 3 )isageneralized coordinate system, x 3 is the propagation direction, P mn (x 3 )isthe modal amplitude, ω = 2πf is the angular frequency, and t is time.
The functions ψ mn are the so called propagation modes. In the case of ac ircular cross-section of radius R,t hey can be expressed using polar coordinates (r, θ)inthe plane (x 1 ,x 2 )a sap roduct of Bessel functions of the first kind and sine and cosine functions
where K mn is an ormalization factor, γ mn is the order m zero of the first derivative of the Bessel function J n .T he cut-on frequency f c of each mode ψ mn is givenby
where c is the speed of sound. In the case of amore complexc ross-sectional shape, the functions ψ mn can be estimated using anumerical method such as finite differences. The coupling of the modes ψ mn at adiscontinuity in the cross-section is described with the matrix F which links the modal amplitude on both sides, a and b,ofthe junction P a = FP b (4) where P a and P b are twov ectors containing the modal amplitudes P mna and P mnb corresponding to each side of the discontinuity.T his equation is true only if the crosssectional surface of side a is smaller than the one of side b and lies inside it. The small tube can be placed either on the right or left side so that convergent and divergent shapes can be handled. Even if this case does not appear in the following, it is worth noticing that the problem of aj unction whose cross-sections are not enclosed in each other can be solved by inserting an intermediate zero-length waveguide portion whose cross-section is the intersection of the original twoneighboring cross-sections. The terms of the matrix F can be evaluated with the expression
with S a the smallest cross-sectional surface.
An analytical expression can be found in the particular case of twoc ircular cross-sections sharing the same central axis. However, as long as it is not the case, finding an analytical expression is very difficult and numerical integration has been used. On the other hand, this allows one to handle the case of the junction between twowaveguide portions having different cross-sectional shape.
Agrid of N p points regularly spaced is generated on S a and the value of ψ mn a and ψ mn b are evaluated at each point of the grid. The coupling coefficient can then be evaluated by computing the sum
Fort he simulations performed in this study,t he spacing between the points has been set to 0.5 mm (for ad iameter of 30 mm this yields N p ≈ 650). This resolution has shown agood agreement with experimental data [13] , and convergence tests confirmed the reliability of the simulations 2 . The radiated pressure can be computed with the Rayleigh-Sommerfeld integral
with U mn the modal amplitude of the particle velocity, 
b eing the coordinates of the points of the grid. Note that one does not divide by the area S,since the area elements dS have not been taken into account in the summation above.Onthe other hand, one must divide by the number of points N p .T his expression does not allow one to compute the acoustic pressure at the exact location of apoint of the grid: in this case h i = 0and adivision by zero is introduced. However, it is possible to compute the pressure at these locations with Equation (1). 2 In the range 0kHz to 10 kHz the mean amplitude difference between a simulation performed with aresolution of 0.5 mm and asimulation performed with aresolution of 0.3 mm is lower than 0.7 dB. The mean phase difference is lower than 0.2 rad. An experimental setup ( Figure 3 ) has been designed to measure the directivity patterns of different vocal tract replicas ( Figure 1 ) in order to quantify the directivity patterns and to validate the above theory.
Measurement method

Replicas
Forthis study four vocal tract replicas which can be considered as av owel [A] vocal tract approximation [18, 19] have been used: 1. Tworeplicas composed of twocylindrical tubes (85mm long with diameters 14.5 mm and 29.5 mm) [ 18] sharing either the same central axis (Figure 1a )o rac ommon line on the edge (Figure 1b )w hich corresponds to ad istance between the centers of 7mm. In what follows, theya re referred to as 2CT (Two Concentric Tubes)a nd 2ET (Two Eccentric Tubes)r espectively. Forb oth replicas the cross-section area function is depicted in Figure 1c . The lowest cut-on frequencybased on the exit diameter yields 6.8 kHz (at26.5
2. Tworeplicas with 44 circular cross-sections whose area function is taken from [19] with all sections sharing either the same central axis (Figure 1d )o rac ommon line on the edge (Figure 1e ). In what follows, theyare referred to as 44CT (44C oncentric Tubes)a nd 44ET (44Eccentric Tubes)respectively.For both replicas the cross-section area function is depicted in Figure 1f . The lowest cut-on frequencyyields 5.9 kHz (at26.5
• C) based on the maximal diameter. The multimodal approach outlined in section 2i sa pplied to the described geometries. As an example, the mode-shapes and the cut-on frequencies of the propagation modes corresponding to the largest tube of the two tube geometry are presented in Figure 2u pt o2 0kHz. The modes ψ 01 , ψ 02 , ψ 03 , ψ 04 and ψ 11 are degenerate: they have twomode-shapes similar by rotation of acertain angle having the same cut-on frequency. Note that the first subscript indexc orresponds to the radial dimension and the second to the angular dimension in the cross-section plane (x 1 ,x 2 ).
Experimental setup
As chematic diagram of the experimental setup is presented in Figure ). The replica is equidistant from the wall of the room in the plane (x 1 ,x 3 ). Even though this room cannot be considered as perfectly anechoic, its acoustic performances in the frequencyr ange of interest in this study (2 kHz to 10 kHz) are sufficient so that the influence of the external noise can be neglected and the free field assumption holds: the direct field is higher than the reverberated field up to 0.94 m from the open end of the replica and the attenuation of the external noise is greater than 25 dB SPL [21] .
Ab a ffl eo fd imensions (365 x360 mm 2 )i sa ttached to the outlet of the replica in order to mimic ah uman face. It corresponds to the flanged boundary condition of the theory.The sound source is placed outside of this room to avoid interferences.
The radiated sound is measured at 48 cm from the exit of the replica at 13 different angles from the axis of the replicas (every 15 PCI-MIO 16 XE). The whole measurement process is controlled with Labview. In order to enhance the change of pressure amplitude with respect to the angular position, unless stated differently,the amplitude at the different positions has been normalized by the amplitude at the central positions (which corresponds to the point located in front of the replica at an angle of 0 • ). The fact that the sound source amplitude depends on the frequencyc ould disturb the interpretation of the measurements and their comparison with the simulations. However, its amplitude being the same for all the positions, dividing by the amplitude at one position cancels its influence, and the results can be compared with the simulations.
To get am ore general viewo ft he directivity effects, the maximal sound pressure leveldifference (MSPLD)between the different positions has been computed for all the frequencies. To do so, for each frequency, the minimum of the sound pressure level( in dB SPL) has been subtracted from the maximum with respect to the angular position.
On the experimental data the amplitude at −90
• and 90
• is lower for every measured frequency. Since it is not the case for the simulated data and that this happens even at lowf requencies, this can be attributed to am easurement artifact probably related to the fact that the microphone wasc lose to the wall of the insulated room at these positions. To avoid the perturbations of this artifact in the analysis, the MSPLD without the measurements of the edges (at −90
• ). Howeverthe observed overall tendency remains similar.
Results and discussions
In section 4.1 the measured and simulated data are described, and an analysis is provided in section 4.2. • )w hen the frequencyi si ncreased. The MSPLD increases progressively and reaches 10 dB and 7dBa t1 0kHz for the 2CT and 44CT respectively. In the experimental data, this pattern is perturbed by measurement noise which can be due to insufficiently damped reflections on the walls of the insulated room, or external noise.
Results
In addition to this noise, one can see more important localized discrepancies between the experiments and the simulations. Forthe 2CT,apeak of MSPLD of 10 dB can be seen at 7.52 kHz. The corresponding directivity pattern presented in Figure 6a is asymmetric with alower amplitude between 0
• .Other less pronounced discrepancies can be found at 7kHz and 9.3 kHz. On the experimental data obtained with the 44CT,peaks of MSPLD can be seen at 8.1 kHz (36dB),8.3 kHz (34dB),8.8 kHz (14dB) and 9.1 kHz (57dB).Inside anarrowfrequencyband centered on these frequencies, the directivity patterns is constituted of twoasymmetric lobes separated by alow amplitude direction (see Figure 6c ). These discrepancies can be related to the differences observed between the measured and simulated internal pressure field observed in [13] (see Figure 8and 11 of [13] ). It can be hypothesized that they are generated by small asymmetries of the replicas, this is looked into later.A nother explanation could be that a small asymmetry in the placement of the replica inside the insulated room would induce an asymmetry of the reflections. However, the direct field is higher than the reverberated field at 48 cm from the end of the replica, and the effect of reflections would be expected in the whole frequencyr ange. Apart from these particular narrowf requencyb ands, the same patterns are observed in the experimental and the simulated data. Forthe eccentric geometries, aone lobe pattern which becomes more pronounced for increased frequencyc an be seen up to 6.5 kHz. Above this limit, more complexasymmetric patterns with one or twolobes are visible (see Figures 4b, 4d , 5b, 5d, 6b and 6d). The variations of the directivity are important within short frequencyi ntervals: the MSPLD can vary up to 50 dB within 100 Hz intervals. In order to see better the appearance and the evolution of the twol obe pattern, the angle corresponding to the minimum between the lobes has been plotted in Figure 7 . This minimum is typically of the order of 30 dB lower than the maximum and is limited to anarrowangular region of about 30
• .Its direction can vary alot (upto60 • )within a short frequencyinterval (ofthe order of 100 Hz). Forboth 2ET and 44ET,the minimum of amplitudes tends to be located between -90
• and 0
• ,which corresponds to the side opposite to the common edge.
In the case of the 2ET,the patterns obtained by simulation can be recognized in the experimental data. Forboth experiment and simulation, peaks of MSPLD can be seen at 7kHz, 7.5 kHz, 8.5 kHz, 8.8 kHz and 9.6 kHz. Except between 7.9 kHz and 8.1 kHz, twolobes can be seen at all the frequencies from 6.94 kHz (see Figures 6b and 7a ).
In the case of the 44ET,s imilar patterns can be recognized in the experiment and the simulation, butt here are more differences above 9k Hz. Peaks of MSPLD can be seen at 6.6 kHz, 8.5 kHz and 9.7 kHz (see Figure 6d ) for both experiment and simulation. At wo lobes pattern appears inside more reduced and isolated frequencyi ntervals: 6.63 kHz to 6.65 kHz, 8.38 kHz to 8.53 kHz and 9.58 kHz to 9.89 kHz (see Figure 7b) . Between 6.6 kHz and 8.5 kHz aone lobe symmetric pattern can be seen and between 8.5 kHz and 9.7 kHz, there is ao ne lobe asymmetric pattern with lower amplitude between 0
• .
Input impedances
In order to characterize more globally the studied vocal tract geometries, the input impedance Z has been computed as the ratio of the pressure overthe particle velocity at the center of the communication hole. The amplitude of Z is presented for the four studied geometries in Figure 8 . The peaks of input impedance correspond to resonances inside the geometries. The twofi rst peaks correspond to the twofi rst formants, which characterize the vowels. In the case of the twotube geometries (see Figure 8a) , their frequencyare 670 Hz and 1200 Hz, and in the case of the 44 tube geometries (see Figure 8b )t heya re 660 Hz and 930 Hz (similar values are givenin [19] ). These values do not depend on the junction type.
Up to 6.5 kHz the input impedance curves of the concentric and eccentric configurations are almost exactly similar.A bove this frequency, the variations of Z are more complexf or the eccentric configurations. The input impedance of the 2ET is almost completely different from the one of the 2CT,a nd the input impedance of the 44ET is different from the one of the 44CT inside three frequencyintervals (6.2 kHz to 7kHz, 7.9 kHz to 8.6 kHz and 9.3 kHz to 9.8 kHz). Additional maxima can be seen at 6.6 kHz, 7.1 khz, 7.6 kHz, 8.3 kHz 9kHz and 9.7 kHz for the 2ET and at 6.5 kHz and 8.3 kHz for the 44ET.There are also additional minima at 7kHz, 7.4 kHz, 7.9 kHz, 8.6 kHz and 9.5 kHz for the 2ET and at 6.6 kHz, 8.1 kHz, 8.9 kHz and 9.7 kHz for the 44ET.
Influence of the degree of eccentricity
In order to investigate the influence of the degree of eccentricity of ajunction on the directivity,simulations have been performed varying the distance between the centers of the twoc ross-sections of the 2t ubes geometry from 0mmt o7mm by steps of 0.5 mm. This corresponds to the progressive transition from the 2CT (Figure 1a )tothe 2ET (Figure 1b) . The radiated pressure has been computed for each distance between the centers. The MSPLD corresponding to four distances between the centers is presented in Figure 9 . These distances, 0mm, 0.5 mm, 3.5 mm and 7mm, corresponds respectively to the concentric configuration, the lowest possible eccentricity with the discretization of the cross-sectional surface used (0.5 mm), the intermediate configuration and the fully eccentric configuration. At 0.5 mm of distance, peaks of MSPLD up to 20 dB can be seen above 6.5 kHz and the MSPLD curveiscompletely separated from the 0mmcurveabove 8kHz. With adistance of 3.5 mm the MSPLD curveisv ery similar to the 7mmcurve.
Convergent exit
During speech production, the vocal tract often has acavity located before the mouth with larger transverse dimensions than the mouth exit, and thus has aconvergent exit. This is what one can see in the area function of the 44 tubes approximations which decreases near the open end of the vocal tract (see Figure 1f) .
However, this is not the case for the twotubes approximation. In order to investigate howaconvergent exit can affect the directivity,at hird section, of zero length, has been added at the end of the 2ET geometry.I ts diameter has been reduced by steps of 0.5 mm from 29.5 mm (which corresponds to the diameter of the second section)t o10mm. Aconvergent exit is thus gradually introduced. The radiated pressure has been computed for each diameter value. The MSPLD and the input impedance corresponding to 3d iameters values, 29.5 mm, 20 mm and 10 mm, are presented in Figures 10a and 10b respectively. The first one corresponds to the 2ET without convergent exit.
When the diameter of the third section is reduced, the MSPLD is globally decreasing. With adiameter of 10 mm it is almost zero up to 6.5 kHz. However, above 6.5 kHz the MSPLD still has locally important values (uptoabout 35 dB at 7kHz, 7.3 kHz, 8.1 kHz and 9.3 kHz for an exit diameter of 10 mm), butbetween these peaks the MSPLD is reduced. The frequencyofthe peaks is decreased and one peak disappears at 10 mm. The peaks of input impedance have agreater amplitude and areduced bandwidth and the minima have ar educed amplitude. The frequencyo ft he peaks and minima of input impedance is also reduced.
Spectrum of the sound radiated by the 2ET
In order to get an idea of howthe HOM effect can be perceived, the 2ET replica has been excited using abroadband noise. This can be considered as an imitation of whispered voice. The spectrum of the radiated sound is presented for each measurement position in Figure 11 . Up to 6.5 kHz it is very similar for each position, except at the edges (-90
• )w here the amplitude is globally lower than at the other positions (this has the same origin as the artifact mentioned at the end of section 3.2). Above 6.5 kHz there is noticeable differences between the positions. As an example, at -75 
Discussion
Propagation modes inside the geometries
Inside the small tube of the twotubes geometries the cuton frequencyofthe first HOM (the only one propagating under 20 kHz)is14.5 kHz. The discontinuity corresponding to the transition from the communication hole to the replica is likely to generate evanescent HOM 3 at the entrance of this tube. However, the length of this tube being more than fivet imes greater than its diameter,t he influence of evanescent HOM can be neglected at the junction between the small tube and the larger one. Thus, between 0kHz and 10 kHz, only plane waves(mode ψ 00 )a rrive at this junction. Inside the larger tube, ψ 01 which has ac uton frequencyof6.8 kHz (see Figure 2) ,isthe only HOM which can propagate under 10 kHz. The 44 tubes geometries have the same kind of shape as the twot ubes ones: an arrowp art (from x 3 = 0mmt ox 3 =80 mm, see Figure 1) is followed by aw ider one (from x 3 = 80 mm to x 3 = 167 mm). The same arguments as for the twot ubes geometries lead to the conclusion that the only modes propagating inside these geometries under 10 kHz are ψ 00 and ψ 01 .
Coupling between ψ 00 and ψ 01
The exit of the geometries being perfectly axisymmetric, the HOM ψ 01 can be excited only if the junctions are asymmetric. Indeed, in Eq. (5) the contributions of ψ 00 on either side of the nodal line of ψ 01 compensate each other exactly if the junction is perfectly axisymmetric. In this case, the coupling term F 00,01 between ψ 00 and ψ 01 is zero and ψ 01 cannot be excited. If an asymmetry is introduced, F 00,01 becomes to be non zero and ψ 01 can be excited. When the eccentricity is increased F 00,01 increases. Thus ψ 01 is not expected to be present in the axisymmetric configurations (2CT and 44CT).
Particle velocity distribution at the exit
In the case of the concentric configurations, the only propagation modes expected at the exit of the geometries are ψ 00 and evanescent HOM which are generated by the discontinuity corresponding to the transition from the geometries to the exterior space. In the case of the eccentric configurations, ψ 01 can be present and introduce the appearance of twoareas with opposite phase on the exit surface.
The evanescent HOM can change the particle velocity distribution on the exit surface, and one could expect an influence on the directivity of the radiated sound. However, in the concentric configurations, as imulation performed with all modes whose cut-on frequencylies below20kHz and as imulation with plane mode only give exactly the same directivity patterns at 0.48 mfrom the exit. Thus, the influence of these modes can be neglected at this distance and the particle velocity distribution can be considered as uniform if ψ 00 is the only mode propagating.
Directivity of concentric configurations (2CT and
44CT) Fort he concentric configurations, the only propagation mode involved in the radiation is ψ 00 .Thus, the only directivity effect which can be expected is the well known radiation from abaffled circular piston ( [22] p226-227). Indeed, except for some localized discrepancies in the experimental data, the directivity pattern of these configurations is one symmetric lobe with higher amplitude in the center (at0 • )whose MSPLD increases progressively with the frequency. This pattern is only due to the difference in the distance traveled by the wavesc oming from the different parts of the radiating surface to the reception point which induces aphase difference.
Directivity of eccentric configurations (2ET and 44ET)
In the case of the eccentric configurations, the baffled circular piston pattern can be seen under the cut-on frequency of ψ 01 because up to this frequency ψ 00 is the only mode propagating. Above this cut-on frequencythe particle velocity distribution on the exit surface is no longer uniform. The phase difference between the wavescoming from the different parts of the radiating surface is not only due to the differences in traveled distance buta lso to the amplitude and phase variations on the radiating surface. As aconsequence, more complexdirectivity patterns are observed.
Twol obes pattern
The presence of ψ 01 at the exit of the geometries can induce the appearance of twoareas with opposite phase. In this case, the radiating surface acts as an acoustic dipole and adirectivity pattern with twolobes separated by alow amplitude direction is generated. The interference of the acoustic pressure radiated by ψ 00 and ψ 01 can reinforce the radiated acoustic pressure on one side and decreases it on the other.Asymmetric directivity patterns are thus obtained. The lowamplitude direction is no longer orientated to the center (0 • ), buti ss hifted to the side having the lowest amplitude. The variations of the amplitudes and phase of ψ 00 and ψ 01 with the frequency changes the direction of the minimum of amplitude.
The propagation of aH OM other than ψ 01 would generate different directivity patterns. As an example, aHOM having twoparallel nodal lines would generate three lobes separated by twol ow amplitude directions. Thus other cross-sectional shapes (such as elliptical)w ould generate different directivity patterns.
Comparison between HOM and plane piston
At some frequencies the combination of ψ 00 and ψ 01 can result in ap article velocity distribution which compensates partially the phase difference due to the differences in traveled distances between the different parts of the radiating surface and the reception point. This generates a reduced directivity compared to the baffled circular piston at the same frequency. This can be seen between the second and the third peaks of MSPLD and after the fifth peak of MSPLD for the 2ET (see Figures 4b and 4d) . For the 44ET it can be seen before or after the MSPLD peaks (see Figures5b and 5d ). The effect of HOM is slightly noticeable belowt he cut-on frequency, from about 6.4 kHz, whereas the cut-on frequencyofψ 01 is 6.8 kHz for the two tubes geometries. This can be explained by the fact that close to the cut-on frequencyt he reduction of amplitude of the evanescent modes generated at the junction becomes less important and theycan have asignificant amplitude at the exit.
Relation between input impedance and directivity
The peaks of MSPLD appear close to input impedance minima. Fort he 2ET the peaks of MSPLD at 7kHz, 7.5 kHz, 8.5 kHz and 9.6 kHz can be related to minima of impedance located at 7kHz, 7.4 kHz, 8.6 kHz and 9.5 kHz. Likewise for the 44ET the peaks of MSPLD at 6.6 kHz and 9.7 kHz can be related to minima of input impedance located at close frequencies. However, the frequencies are not exactly the same and some peaks of MSPLD cannot be related to maxima or minima of input impedance. As an example, for the 2ET,t he peak of MSPLD at 8.8 kHz does not correspond to am aximum or minimum of input impedance. Likewise, for the 44ET,t he peak of MSPLD at 8.5 kHz can not be related to am aximum or minimum of input impedance. One can also notice that for the 2ET, the peak of MSPLD located at 7.5 kHz is between aminimum (at7 .4 kHz)a nd am aximum (at7 .6 kHz)o fi nput impedance. Thus, it is not possible to findas imple relation between the input impedance curveand the directivity phenomenon.
Influence of eccentricity degree
The simulations performed varying the eccentricity showed that even av ery small eccentricity (0.5 mm)c an induce significant changes of the directivity patterns with respect to the axisymmetric configuration (upto15dBof difference). Thus, it is not required for there to be alarge eccentricity for ψ 01 to be excited and propagate. This is in agreement with the assumption that the localized discrepancies between simulations and experiments can be explained by small asymmetries in the replicas. The fact that the frequencies of the discrepancies observed for the 2CT corresponds to peaks of MSPLD of the 2ET reinforces this hypothesis. However, the matching between the frequency of the discrepancies and the peaks of MSPLD of the eccentric configuration is less good for the 44 tubes geometries. The perfectly axisymmetric cases thus appear as theoretical cases difficult to reproduce accurately experimentally.T he human vocal tract cannot be considered as axisymmetric and from these observations, one can conclude that axisymmetric geometrical approximations of it are not likely to reproduce ar ealistic directivity above their first cut-on frequency. Introducing asymmetries in such kind of approximations would allowone to simulate aqualitatively more realistic directivity above the first cut-on frequency.
Convergent divergent shape
In the case of ac onvergent exit, the radiation losses are reduced in comparison with an on-convergent exit. As it can be observed on the input impedance curves, this induces ahigher amplitude and areduced bandwidth of the resonances inside the vocal tract. This can be related to the fact that the effects of the HOM are more localized around the peaks of MSPLD for reduced exit diameters (see Figure 10) . When the diameter of the exit is reduced, one gets closer to ac losed end boundary condition and the resonance frequencies are reduced. This can be related to the decrease of the frequencyofthe peaks of MSPLD and input impedance for reduced exit diameters. Thus, the fact that the 44ET has ac onvergent exit and not the 2ET can explain whythe effects of HOM are more localized in frequencyfor the 44 eccentric tubes geometry.
The influence of HOM can be seen even with adiameter of 10 mm which is almost three times smaller than the diameter of the large tube. Thus, more generally,i tc an be expected to be significant even if the mouth aperture is small compared to the preceding cavity.O ne can expect that the influence of HOM on the directivity varies qualitatively with the phonemes. Awide mouth aperture would induce an effect visible at all the frequencies from the first cut-on frequencyo ft he vocal tract and an arrowm outh aperture would induce an effect limited to localized narrowfrequencyintervals.
Comparison between 2t ubes and 44 tubes
The twoand 44 tubes eccentric geometries generate significantly different directivity patterns above 6.5 kHz. There is not the same number of peaks of MSPLD and theyoccur at different frequencies. The effects of HOM are more localized in frequencyfor the 44ET than for the 2ET.This can be seen in both the MSPLD and input impedance curves, and in the appearance of the twol obes pattern. Since aconvergent exit is closer to areal vocal tract shape, the 2ET may over-estimate the effects of HOM and be qualitatively less realistic than the 44ET.H owever,t he 44 eccentric tubes, while being more realistic because of am ore accurate area function, does not taket he crosssection shape or the bending of ar eal vocal tract into account. Thus, it would be interesting to study amore realistic geometry to test this hypothesis.
In terms of input impedance, the twoa nd 44 tubes geometries are also quite different. The frequencies of the second formants are very different (1200 Hz for the 2tubes and 930 Hz for the 44 tubes). This can be explained by the fact that the twotubes shape has been designed so that the frequencies of the twofi rst formants corresponds to the average values observed for the vowel [A] [18] , whereas the area function of the 44 tubes geometries has been determined from MRI measurements [19] . In this case, the perturbations related to the measurement process (supine position in anoisy environment, see [19] for adetailed discussion)can induce formant frequencies different from the average value, butwhich still corresponds to avowel [A].
Conclusion
The measurements and the simulations presented in this study showed that the propagation of the HOM ψ 01 inside vocal tract approximations of the vowel [A] induces great variations (upto50dBofMSPLD)ofthe directivity patterns within small frequencyi ntervals (oft he order of 100 Hz)above 6.5 kHz.
Aparticular effect related to the mode-shape of ψ 01 has been highlighted. The division of the exit surface into two areas with opposite phase generates ad irectivity pattern composed of twol obes separated by al ow amplitude direction (oft he order of 30 dB lower than the maximum). The variations of amplitude and phase of ψ 00 and ψ 01 with the frequencyinduce variations of the size of the lobes and the direction of the minimal amplitude (upt o6 0
• within 100 Hz). Another effect of the propagation of ψ 01 is the reduction of the directivity in comparison with the baffled circular piston directivity in some frequencyintervals.
The excitation of HOM being very sensitive to small asymmetries, the relevance of axisymmetric vocal tract approximation for the simulation of the speech directivity above the first cut-on frequencyo ft he vocal tract can be questioned. Introducing asymmetries in these approximations would allowone to simulate qualitatively more realistic directivity patterns.
The effects of HOM can be seen even if the radiating surface is small compared to the largest dimension of the vocal tract. However, in this case, theytend to be localized in particular frequencybands.
Since the vocal tract geometry is subject to inter-a nd intra-speaker differences even for as ingle phoneme as considered in this study,c are is needed when extrapolating these conclusions to human speech. The twov ocal tract approximations studied generate very different directivity patterns above the first cut-on frequency. Therefore, it would be interesting to study amore realistic geometry in order to knowbetter which one is the closest to realistic directivity patterns.
Because the directivity patterns become different from the baffled circular piston above the first cut-on frequency in the eccentric configurations, one can expect that the directivity is perceivedd i ff erently above this frequency. This assumption is reinforced by the fact that differences related to the position are visible in the spectrogram of the sound emitted by the replicas excited with ab roadband noise above 6.5 kHz. However, one can question howt he great variations (upt o5 0dBo fM SPLD within 100 Hz) of the effects of the HOM on the directivity with the frequencyare perceivedoriftheycan be noticed by alistener. Thus, it would be interesting to carry out perceptual tests to further investigate this question. Fort he same reasons, classical spectral measures such as the octave/third-octave frequencyband might mask the localized aspect of this effect. On the other hand, giventhe limited angular region of some phenomena, it would be interesting to increase the angular resolution in the future. Because of the high frequencyenergy present in fricative and plosive sounds, this effect is expected to have more perceptual impact. Thus, it would be interesting to investigate its consequences with vocal tract geometries corresponding to these phonemes.
